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ABSTRACT
The durability of a hybrid large area additively manufactured fiberglass ABS mold for
vacuum infusion of composites was evaluated. The validation was done by designing and
fabricating a mold for a custom test artifact and analyzing the surface geometry over the course
of multiple infusions until tool failure. After printing and machining, the mold required a sealer
in order to maintain vacuum integrity. The mold was able to produce 10 parts successfully
before the sealed tool surface began to tangibly roughen, resulting in increased difficulty of
demolding and a rougher surface finish. After the 14th infusion, the part required destructive
force to be removed from the mold. The surface geometry remained consistent within ±0.5 mm
of the design over the course of the infusions, and no significant trends in tool wear were
observed during this time. To quantify the change in roughness, profilometry measurements
were taken on the finished mold, and the measured area roughness value SA changed from 0.293
μm to 2.27 μm over the course of the infusions.
Based on these results, it was concluded that an increase in surface adhesion is the
principal mode of tool failure over the life of these tools. In addition, it was concluded that the
minimum tool life for this combination of mold making methods and materials is 14 parts, as this
result was obtained under an extreme case in abrasive part geometry and materials for vacuum
infusion processing. Thus, this combination of methods and materials is suitable for prototyping
of composite parts or short production runs.

Keywords: LAAM, Hybrid, BAAM, VARTM, tooling
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INTRODUCTION

Recent advances in the field of additive manufacturing (AM) have led to the development
of Large Area Additive Manufacturing (LAAM), also referred to as Big Area Additive
Manufacturing (BAAM) or Large-Scale Additive Manufacturing (LSAM). This potentially
disruptive technology utilizes a modified version of an injection molding extruder mounted in a
computer numerical control (CNC) environment. It is capable of printing with thermoplastic
materials at rates up to 200x faster than conventional fused deposition modeling (FDM). Parts
can be rapidly produced at a near net shape, then post-machined to exact specifications in order
to produce quality parts.
For many LAAM systems, the printing and machining are done in separate machines,
introducing logistical difficulties, such as transporting large, rough parts across a plant or to
another facility for finishing. In addition, there is a high entry cost for manufacturers, as the cost
of these large gantry machines is typically on the order of hundreds of thousands or millions of
dollars. One solution to these problems comes in the form of hybrid manufacturing, a term in the
AM community that is typically applied to systems that integrate both additive and subtractive
capabilities, e.g. a plastic extruder mounted in a CNC milling platform [1], as seen in Figure 1.
This allows parts to be printed via the LAAM process, then post-processed in the same machine
with minimal setup time. It also allows for a less expensive entry into LAAM, as it can be
retrofitted into virtually any CNC milling platform with sufficient spindle power.
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Figure 1: LAAM-type extruder printing while mounted in a CNC mill
One application for LAAM that has been investigated in recent years is composite
tooling. Traditional composite processes require specialized tooling like that of other
molding/forming processes. These tools can be expensive and can have long lead times. Studies
have been conducted in using LAAM processes to make molding tools for various composite
processes [2], including hand layup [3], vacuum infusion [4, 5], autoclave processing [6, 7], and
post-machining of composites. One of the first studies into the durability of molds for vacuum
infusion was conducted by researchers at Oak Ridge National Laboratory [4]. Vacuum infusion,
sometimes referred to as vacuum assisted resin transfer molding (VARTM) is a composite
molding process where high quality parts are made by placing dry fibers (ply stack) into a onesided mold, covering the fibers with a vacuum bag made from a flexible material such as
silicone, subjecting the enclosed fibers to vacuum pressure, then placing the end of the vacuum
line in a low-viscosity thermoset resin (e.g. epoxy or polyester) and allowing the pressure
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difference to cause the resin to flow through the enclosed fibers [8], as shown in Figure 2. The
resulting parts have an excellent surface finish on the mold side, and typically have a fiber
volume fraction between 45% and 55% [9].

Figure 2: Example schematic of the vacuum infusion process.
The majority of published studies investigating LAAM tooling for vacuum infusion use
carbon fiber reinforced acrylonitrile butadiene styrene (CFABS), as it has been shown to be a
suitable material for this application in terms of its stiffness, thermal conductivity, and
coefficient of thermal expansion [10, 11]. Fiberglass reinforced ABS (GFABS), on the other
hand, exhibits lower stiffness[11] and lower thermal conductivity[12, 13], but around 40% less
cost than carbon fiber ABS for the same fiber content (20% reinforcement by weight). Using
GFABS would further reduce the cost of LAAM-made tooling. In order to test the viability of
this alternative method and material, it was necessary to analyze the durability of such tooling
over time. The purpose of this study is thus to investigate the durability of fiberglass ABS
Hybrid LAAM direct tooling for VARTM by analyzing the deviations in the surface of the mold
cavity over the course of multiple part infusions until tool failure.
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MATERIALS AND METHODS

Test Artifact Design
To test the durability of this type of mold, it was first necessary to design a suitable test
artifact and the printed mold to make it. Since the purpose of the test artifact was to explore the
limits of the mold’s durability, it incorporated the following features, which tend to accelerate
tool wear and/or introduce defects into the finished part. Although these features are difficult to
mold and accelerate tool wear, they are not uncommon.
•

Small or nonexistent draft angles, the angle being measured from the axis pointing in the
direction of demolding. Smaller draft angles increase the difficulty of demolding and
may introduce abrasion to the tool surface during the demolding process.

•

Compound curvature, or areas of the artifact that are curved in multiple axes, i.e.
spherical or conical areas.

•

Small or nonexistent radii on edges.
All these features were incorporated into the final test artifact mold design. Additionally,

to further accelerate tool wear, a fiberglass plain weave fabric was used in the infusion process,
as fiberglass is more abrasive than other common reinforcement materials. A generic
unsaturated polyester resin was used as the matrix.
Design guidelines for LAAM [14], as well as those for 3-axis milling, were used to
constrain the design of the test artifact mold to ensure its manufacturability. As a rule, draft
angles in the z-print direction typically should not exceed 45° from the z-axis, and in this case
were constrained to 35° to avoid print defects. The geometry was also designed such that all
areas could be reached and machined using a 1/4” (6.35 mm) end mill with a 1” (25.4 mm) cut
6

length. These constraints do introduce some bias into the experiment, as they limit the test
artifact design to an object that is designed to be printable on the LAAM system. There are
many designs that would not be feasible to fabricate with this system, that could be fabricated
using other methods of mold making for vacuum infusion processing. However, it is here
assumed that the designer is familiar with the process limitations and thus designs accordingly,
and it is this type of artifact that is being considered for comparison. An engineering drawing of
the test artifact is shown in Figure 3.

Figure 3: Engineering drawing of test artifact
Mold Fabrication
The print was prepared by exporting the SolidWorks model in STL format, with a coarse
mesh to reduce print errors (deviation tolerance 0.51023585 mm, angle tolerance 30.00°). The
STL file was then imported into ORNL Slicer (a 3D printing slicer developed for LAAM by Oak
Ridge National Laboratory) and aligned with the print bed so that the print direction is
perpendicular to the machining direction, as seen in Figure 4. This orientation allows the
machining to be done into the width of the print bead, which results in a smooth surface without
defects or gaps. The print settings used for this mold are found in Table 1.
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Figure 4: Polygonal model of the test artifact mold in ORNL Slicer, shown in the print
orientation.
Setting Name
Layer Height
Bead Width – Layer
Bead Width – Infill
Extruder Speed – Perimeter
Extruder Speed – Infill
Feed Rate – Perimeter
Feed Rate – Infill
Perimeter Ring Count
Inset Bead Width
Sparse Infill Line Distance

Value
1.27
6.35
3.175
75
40
49
56
1
0
9.525

Units
mm
mm
mm
rpm
rpm
mm/s
mm/s
mm
mm

Table 1: Print Settings
Prior to printing, the 20% fiberglass ABS pellets were dried in a plastic pellet dryer at
85°C for 3 hours. In order to prevent moisture contamination over the long print duration, the
feed material in the dryer was kept at 60°C throughout the printing process. A 1/8” (3.2 mm)
ABS sheet served as the print surface. The print took 255 minutes (4 hours 15 minutes). After
printing, the mold was then removed from the print bed and fixed to the mill table with toe
clamps. Work offsets were then set at the top center of the mold using a wireless probe. The
mold was then machined according to the process chart shown in Table 2. The total cycle time
for the machining processes was 407 minutes (6 hours 47 minutes). This resulted in a total tool
fabrication time of approximately 11 hours. By comparison, machining the same mold from a
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solid block of material at the same feedrates would take the same amount of time for the
machining operations, minus the print time. The printed mold can be seen in Figure 5, and the
final machined mold can be seen in Figure 6.
#

Description

1

Facing

2

Roughing

3

Surfacing

Tool Description

Spindle
RPM

1/2” (12.7 mm) Diamondlike
Carbon Square End Mill
1/2” (12.7 mm) Diamondlike
Carbon Square End Mill
1/4” (6.35 mm) Diamondlike
Carbon Ball End Mill

Stepover
(mm)

6000

Feed
Rate
(mm/min)
1524

11.43

Cycle
Time
(min)
5

6000

1524

5.08

12

6000

1981

0.1

390

Table 2: Machining Operations and Parameters

Figure 5: The printed mold prior to machining
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Figure 6: The completed mold after printing and machining
Mold Preparation
After the machining was finished, the tool was inspected for any defects. This included
an initial laser scan to establish a baseline for comparison. An initial infusion was conducted to
determine if the mold could produce parts as machined with no post-processing other than
applying mold release. For the first infusion, the mold was coated with 4 coats of Partall® paste
wax, buffed after 1 minute. A mist coat of PVA was then applied using a pneumatic paint
sprayer and allowed to dry for 15 minutes. A second, thicker coat was then applied and allowed
to dry for 45 minutes. The initial layup was conducted using vacuum film, breather cloth, and
perforated release film, all placed over 2 layers of fiberglass plain weave fabric, with the second
ply rotated 45° with respect to the first ply. During the initial infusion, a vacuum leak test was
conducted by pulling a vacuum on the sealed mold, deactivating the vacuum pump, and
observing the change in pressure over the course of one minute. The pressure in the cavity rose
by approximately 45 kPa (0.45 bar) over the course of the minute, indicating a lack of vacuum
integrity in the mold. The infusion was thus carried out with the vacuum pump activated the
entire time.
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The poor vacuum seal in the first infusion was attributed to porosity in the mold surface
from the printing process. Before the second infusion, the mold was cleaned and scanned again,
Resin deposits left from the first infusion required the use of sandpaper to remove. The entire
surface was subsequently sanded with 1000 grit sandpaper to prepare for sealing. The mold was
prepared with three coats of Chem Trend Chemlease® MPP 2737 mold primer, spaced 30
minutes apart, followed by four coats of Chem Trend Zyvax® 1050 mold sealer. At this point, a
reusable silicone bag was fabricated using Smooth-On EZ-Brush™ Vac Bag Silicone, using a
trapezoidal channel along the tool edges to allow the bag to seal when subjected to vacuum
pressure. After sealing the mold and creating the silicone bag, the vacuum seal test was
performed again. The pressure change was indiscernible over the course of 1 minute.

Vacuum Infusion Processing
As a result of the need to use a mold sealing system, the method of applying mold release
was changed to one designed to work with the sealer. Thus, before each subsequent infusion, 2
coats of Chem Trend Zyvax® 1070W water-based mold release were applied with a clean cloth.
The ply stack was then placed in the mold, consisting of 2 layers of fiberglass plain weave fabric,
with the second ply rotated 45°. Thin strips of flow media were placed running from the resin
inlet along the edges of the mold and into the center of the cavity to ensure even resin flow
during infusion, with the intent that the flow front would reach the outlet from all directions at
once. A strip of release film and breather cloth was stretched diagonally across the ply stack to
communicate vacuum from the outlet port across the mold cavity and to the seal channel. The
mold was then covered with the silicone bag and vacuum tubing was inserted, as shown in
Figure 7.
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Figure 7: Vacuum infusion in-process, near the beginning of resin flow
The resin inlet was clamped off and the vacuum pump turned on. The polyester resin was
then mixed for 1 minute with 1.25% by weight of methyl ethyl ketone peroxide (MEKP)
hardener. The mixed resin was then placed in a vacuum degassing chamber for 1 minute. The
inlet tube was then placed into the resin cup and the clamp was removed. The flow of resin was
then observed until the fibers in the mold cavity were completely wet out and resin flowed out of
the outlet tube. Once resin flow was complete, the resin inlet was clamped off, the vacuum
pump left on to evacuate any air trapped in the system, and the part was left to cure. After the
manufacturer-recommended cure time, the part was removed from the mold (see Figure 8) and
all consumables were disposed of. The mold was then cleaned of residue using isopropyl
alcohol, as acetone dissolves ABS.
The infusion process was repeated until tool failure. For the purposes of this study,
failure was defined as any event that signals to the technician that the tool is no longer reliable
for use in part production. As such, there are multiple theoretical failure modes, e.g. surface
deviation outside desired tolerances, insufficient surface quality, or extreme difficulty in
releasing the part from the mold. Tolerances for surface profile geometry and requirements for
surface finish are both subjective measures, as they depend on the manufacturer’s desired level
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of quality. It was thus determined that parts would be infused until the demolding process
became difficult enough that the part or mold was damaged during demolding.

Figure 8: The 14 finished parts after demolding
Laser Scanning Metrology
After cleaning, the mold surface was scanned using a ROMER 7530 portable measuring
arm, equipped with a laser scanner. The scanner has a reported accuracy of 0.083 mm. Each
scan was conducted using multiple passes to obtain a polygonal mesh of the surface, first at fine
resolution, then at extra fine. This was done using Innovmetric PolyWorks Inspector™, a
commercial metrology software package. The scan data was then aligned to the CAD model of
the mold using an iterative alignment process, which optimized the alignment of the data to
minimize deviation from the CAD model. A color map of the deviation from the reference
object surfaces was then generated, as shown in Figure 9. This color map measures the deviation
between each data point and the nearest point on the surface of the CAD model. Outlying scan
artifact elements were then identified and removed. These outliers were classified as any
elements reporting deviations on an order of magnitude larger than the largest other deviations.
This was only necessary for a few of the scans, where there were 1-5 points with unusually large
deviations. This process was repeated after each infusion.
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Figure 9: Example metrology color map, of mold after seventh infusion
The fabricated parts were not scanned due to their poor quality. This resulted from the
many sharp edges in the part geometry. The relatively inflexible glass plain weave did not
conform well to the sharp corners of the tool during infusion. The purpose of the design was to
wear out the mold, not necessarily to produce high-quality parts, as testing this capability is
outside of the scope of the current study.

Profilometry
After the infusions were completed, surface roughness measurements were taken on the
mold in two locations to quantify the surface roughness before and after infusion processing.
Some areas of the mold retained the same surface finish, as they were not exposed to the resin or
reinforcement, such as the edges of the mold where the silicone vacuum bag contacted the
surface, as seen in Figure 10. This was done using a Hommelwerke LV-150 profilometer. The

14

contact probe scanned a 15 mm by 5 mm area and recorded the surface deviations with an
accuracy of ±0.1μm. This surface map was then passed through a Gaussian roughness filter, in
accordance with ISO 25178 [15], and used to calculate the values of SA (arithmetic mean area
roughness), a common roughness measurement. This is the two-dimensional equivalent of the
RA value for surface roughness, which only uses a straight-line path of probing. The equation for
SA, as defined by ISO standard 25178, is expressed as follows:
𝐿𝐵

1
𝑆𝐴 =
∬ |𝜂(𝑥, 𝑦)|𝑑𝑥𝑑𝑦
𝐿𝐵
00

Where L and B are the lengths of the sides of the rectangular area being probed and η is the
measured height relative to the reference plane at a given location in the area. Additionally, to
obtain a better visualization of the change in surface roughness, microscope images were
captured of the measured surfaces.
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Unused

Used

Figure 10: Difference in surface finish between unused section of mold (left) and section of
mold exposed to infusion processing (right).
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RESULTS AND DISCUSSION

Failure Mode
After 10 infusion cycles, it was observed that the part had become more difficult to
demold. The surface of the mold was also observed to be rough and pitted, which could be felt
with the hand. This degradation of the mold surface appeared to increase over the next 4 cycles,
along with an increase in surface adhesion and thus increased difficulty of demolding. The tool
failed after the 14th infusion, where the demolding difficulty increased to the point where the
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required force to demold damaged the part and the mold. At this point, the mold had reached its
failure point as defined in Section 2.4, and infusions were thus stopped. It is possible that the
mold could have been refinished by sanding and reapplying mold sealer once again, although
investigating the practicality of this course of action is outside the scope of this study.

Scanning Results
Analysis of the scan data indicates that the process was stable over the course of the
infusions. Due to the scanning resolution of ±0.083 mm the software reports the percentage of
the measured surface that is outside of the default “safe zone” of ±0.1 mm. This percentage can
be interpreted as a measure of the percentage of the surface that has deviations worth further
investigation, as any deviations in the range of ±0.1 mm could be a result of measurement
uncertainty. This can be seen in Figure 11, where the percentage of the surface area with
significant deviation from the desired geometry is plotted for each infusion in chronological
order. The only significant change occurred after cleaning the mold and applying the sealer,
which occurred between scans 1 and 2. This resulted from the sanding required to remove resin
deposits and prepare the surface for sealing, as well as the thickness added by the primer and
sealer. The range between the maximum and minimum deviations observed over the course of
infusions indicates no visible trend in overall tool wear, as seen in Figure 12. Additionally, the
root-mean-square (RMS) deviation shows that the surface in general stayed relatively uniform,
with no clear upward trend (see Figure 13). From a macroscopic perspective, the tool stayed
dimensionally accurate within ±0.5 mm over the course of the infusions, with no trends
indicating a general increase in tool wear between cycles for the first 14 infusions.
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% of surface with significant deviation

18%
16%
14%
12%
10%
8%
6%
4%
2%
0%
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scan
Figure 11: Percentage of surface with deviations outside the range of measurement
uncertainty over the course of the infusions.
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0.3

Largest Deviations (mm)

0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Low

High

Figure 12: Positive and negative deviations of the greatest magnitude on the mold surface
over the course of infusions
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0.09
0.08

RMS Deviation (mm)

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scan
Figure 13: RMS deviation over the course of the infusions
It is possible that the high deviations caused by areas where material was removed during
the sanding process are masking trends in deviation in other areas. In any case, more beneficial
observations can be made by looking specifically at the areas of highest deviation over the
course of infusions. Upon closer investigation of wear patterns, it can be seen that the areas of
most significant wear are the inside faces and edges on the stepped portion of the test artifact.
This can be seen in Figure 14. The inside planar faces that were designed to have no draft angle
resulted in significant abrasion of the surface, which resulted in increased deviation over the
course of the infusions. These faces increased in deviation from approximately 0.1 mm to 0.15
mm. Additionally, the area of the greatest deviation, the sharp 90° corners, experienced a similar
trend, although to a greater degree. These edges increased in deviation from approximately 0.15
mm to 0.3 mm. This can be seen in Figure 15.
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Figure 14
15
Figure
Figure 16

Figure 14: Color map of final scan, filtered for negative deviations greater than 0.083 mm
in magnitude.
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Figure 15: Close-up view of sharp corner from Figure 13, showing high negative deviations
in worn edges over the course of infusion processing
Profilometry Results
Profilometry investigation to quantify the surface roughness of the mold before and after
infusion processing showed a significant increase in surface roughness. An untouched section
near the edge of the mold had a roughness SA value of 0.293 μm, while a visibly rougher section
next to the cavity measured 2.27 μm. This means that during infusion, the tool surface increased
in mean roughness by approximately 775%. Surface maps of the measured profiles before and
after infusion processing can be found in Figure 16. These measurements serve to quantify the
change in surface quality over the course of infusion processing. They also appear to be
correlated to the increase in adhesive bond strength over the course of infusion processing, which
ultimately was the cause of tool failure. The increase in roughness is a result of microscopic
deformations in the surface over time, such as the imprinting of the fiber tows on the surface and
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the removal of small pockets of material that are bonded together during the cure cycle. This
results in a deformed and pitted surface, though the scale of this deformation is small enough to
be measurable only through profilometry. Microscopic images of the mold surface before and
after infusion processing can be found in Figure 17. The increase in adhesion may also have
resulted from the slow removal of the mold sealer, exposing the layers of mold primer and
GFABS to the polyester resin. The chemical interaction between the polyester resin and the
mold materials (sealer, primer, GFABS) is unclear and could be further studied.

Figure 16: Surface roughness maps of unused mold surface (left) and surface exposed to
infusion processing (right)
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20x

90x

90x

Figure 17: Microscope surface roughness comparison between unused surface (right) and
surface subjected to infusion processing (left), with magnification shown
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CONCLUSIONS

A 20% glass fiber ABS mold for vacuum infusion of composites was fabricated and
subjected to 14 molding cycles before failure. Failure was caused by an increase in adhesion
between the mold surface and the fiberglass/polyester composite laminate during the cure cycle.
Surface scanning metrology showed that the mold surface remained dimensionally accurate
within ±0.5 mm over the course of infusion processing, with no discernible general trends in
macroscopic tool wear. Wear patterns were identified on the inside planar faces with no draft
angle, as well as the sharp corners designed to wear quickly over time. Profilometry
measurements showed a >7x increase in mean areal surface roughness (SA) over the course of
infusion processing. This is linked to the visible degradation of the surface, which in turn is
related to the increase in adhesive bond strength, although the relationship between these is
unclear without further investigation.
These results indicate that this combination of method and materials can be used to
produce short runs of composite parts. It could be inferred that since this test was done under an
extreme case for part design as well as abrasive matrix/reinforcement materials, approximately
14 parts is the minimum tool life that can be reasonably expected. Thus, these molds are suitable
for short production runs or prototyping of composites.
One major limitation of a study like this is the number of variables that can influence the
outcome. As such, these results are only applicable for this specific combination of fabrication
method, mold material, composite matrix/reinforcement, and mold sealer. Further investigation
is being conducted into how GFABS compares to other materials in terms of the change in
surface roughness over the course of infusion cycles. Additional research into the mechanisms
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of adhesion and bonding between thermoplastic polymers and thermosetting resins over multiple
cycles would inform this study.
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